Geraniaceae plastid genomes are highly rearranged, and each of the four genera already sequenced in the family has a distinct genome organization. This study reports plastid genome sequences of six additional species, Francoa sonchifolia, Melianthus villosus, and Viviania marifolia from Geraniales, and Pelargonium alternans, California macrophylla, and Hypseocharis bilobata from Geraniaceae. These genome sequences, combined with previously published species, provide sufficient taxon sampling to reconstruct the ancestral plastid genome organization of Geraniaceae and the rearrangements unique to each genus. The ancestral plastid genome of Geraniaceae has a 4 kb inversion and a reduced, Pelargonium-like small single copy region. Our ancestral genome reconstruction suggests that a few minor rearrangements occurred in the stem branch of Geraniaceae followed by independent rearrangements in each genus. The genomic comparison demonstrates that a series of inverted repeat boundary shifts and inversions played a major role in shaping genome organization in the family. The distribution of repeats is strongly associated with breakpoints in the rearranged genomes, and the proportion and the number of large repeats (>20 bp and >60 bp) are significantly correlated with the degree of genome rearrangements. Increases in the degree of plastid genome rearrangements are correlated with the acceleration in nonsynonymous substitution rates (dN) but not with synonymous substitution rates (dS). Possible mechanisms that might contribute to this correlation, including DNA repair system and selection, are discussed.
Introduction
Plastid genome organization is highly conserved throughout seed plants, but a few unrelated lineages show extremely high levels of genomic upheaval . Most plastid genomes have a quadripartite structure with two copies of inverted repeats (IRs) separated by small single copy (SSC) and large single copy (LSC) regions. Seed plant plastid genomes usually contain 101-118 distinct genes, with majority of these genes (66-82) coding for proteins involved in photosynthesis and gene expression, and with the remainder encoding transfer RNA (29-36) and ribosomal RNA (4) genes (Bock 2007; Jansen and Ruhlman 2012) . Despite the high level of conservation in gene order and content across seed plants, extensive plastid genome rearrangements have been found in conifers (Hirao et al. 2008; Wu et al. 2009 ), Campanulaceae (Cosner et al. 2004; Haberle et al. 2008) , Fabaceae (Cai et al. 2008) , Geraniaceae (Chumley et al. 2006; Blazier et al. 2011; Guisinger et al. 2011) , and Oleaceae (Lee et al. 2007 ).
The scale of genomic rearrangements in Geraniaceae is unprecedented, as four of the six genera, Erodium, Geranium, Monsonia, and Pelargonium, have highly rearranged yet distinct plastid genomes (Chumley et al. 2006; Blazier et al. 2011; Guisinger et al. 2011) . These genomes differ greatly in IR size, gene order, gene and intron content, and gene duplications. IR size ranges from absent in Erodium (Blazier et al. 2011; Guisinger et al. 2011 ) to 76 kb in Pelargonium hortorum (Chumley et al. 2006) . Although based on limited taxon sampling, three gene and intron losses (trnT-GGU and the introns of rps16 and rpl16) were found to be shared across the family . The plastid genome of Geraniaceae is extremely rearranged, and the reconstruction of their evolutionary model based on insufficient taxa sampling was not possible. Greater taxon sampling is necessary to reconstruct the ancestral plastid genome organization in Geraniaceae and to infer genome rearrangement events leading to each genus.
Prevalence of repetitive DNA has been observed in highly rearranged plastid genomes (Chumley et al. 2006; Lee et al. 2007; Cai et al. 2008; Haberle et al. 2008; Guisinger et al. 2011) . Plastid transformation studies demonstrated that genome recombination via small (7-14 bp, Kawata et al. 1997) or large (148 and 232 bp, Rogalski et al. 2006) repeats can cause inversions (IVs) . Although several studies have suggested a correlation between the number and size of repeats and plastid genome rearrangements (Cai et al. 2008; Haberle et al. 2008; Guisinger et al. 2011 ), a rigorous statistical test of this correlation has not been performed. Geraniaceae is an ideal family to test this correlation because their plastid genomes show varying degrees of rearrangements.
In angiosperms, the nucleotide substitution rate of the plastid genome is lower than that of the nuclear genome but higher than that of the mitochondrial genome (Wolfe et al. 1987; Drouin et al. 2008) . In Geraniaceae, particularly in Pelargonium, accelerated nucleotide substitution rates have been detected in mitochondrial and plastid genomes (Parkinson et al. 2005; Guisinger et al. 2008; Weng et al. 2012) . Although nucleotide substitution and genomic rearrangement appear to be separate mutational phenomena, previous studies have identified a positive correlation between rates of nucleotide substitution and genomic rearrangements in g-proteobacterial (Belda et al. 2005) , insect (Shao et al. 2003) , and arthropod (Xu et al. 2006 ) mitochondrial genomes. The correlation might imply a cause-and-effect relationship between nucleotide substitutions and genomic rearrangements, or a correlation resulting from another mechanism that accelerates both processes, such as an alteration in the DNA replication system (Xu et al. 2006) . However, in the case of plastid genomes, this correlation has not been thoroughly investigated. One comparative study across angiosperms identified a positive correlation between branch lengths and the number of genomic rearrangement events, i.e., gene and intron losses and number of IVs ), but no studies directly estimated the rate of genomic rearrangements in plastids. Geraniaceae is an ideal group to test this correlation because it exhibits considerable variation in genomic organization and rates of nucleotide substitution.
In this study, we report complete plastid genomes for six species, three from Geraniaceae and three from other Geraniale families. These genomes, combined with previous published genomes, provide sufficient taxon sampling to reconstruct the ancestral plastid genome of Geraniaceae and to address four questions. 1) Is the ancestral plastid genome of Geraniaceae rearranged? 2) What rearrangement events occurred on the branches leading to each genus? 3) Are small or large repeats associated with genome rearrangements in Geraniaceae? 4) Is there a correlation between nucleotide substitution rates and frequency of genomic rearrangements?
Results

Genome Assembly
Due to the differences in read length and total number of reads, average coverage was different for the two sequencing platforms. The average genome coverage ranged from 2,096Â to 4,490Â for Illumina and 48Â for 454 (supplementary table S1, Supplementary Material online). Because the DNA sample with enriched plastid DNA was used for the 454 sequencing, over 92% of the 454 raw reads assembled to plastid genome, whereas only 3.31-8.95% of the Illumina raw reads assembled to plastid genome (supplementary table S1, Supplementary Material online).
Genome Organization
Plastid genome size showed considerable variation within the three Geraniaceae species (table 1, supplementary figs. S1 and S2, Supplementary Material online). Except for California macrophylla, the genome sizes of the other five species were larger than the median genome size for land plant plastid genomes (The median genome size of 246 land plant plastid genomes available from NCBI, accessed April 1, 2013, was 154 kb). Among the six species, P. alternans had the largest genome (173,454 bp), Hypseocharis bilobata had the largest LSC (100,009 bp), and Viviania marifolia had the smallest SSC (4,551 bp; table 1).
The plastid genome of H. bilobata was missing two genes, accD and trnT-GGU, and three introns, rpl16, rps16, and rpoC1 introns (supplementary fig. S1 , Supplementary Material online). The four RNA polymerase genes, rpoA, rpoB, rpoC1, and rpoC2, usually found in two separate fig. S1 , Supplementary Material online). A highly divergent accD gene (36% identical to the accD gene in Eucalyptus) was found between rbcL and psaI.
The plastid genome of C. macrophylla had a 25-kb IV spanning from trnQ-UUG to trnE-UUC (supplementary fig.  S1 , Supplementary Material online). Three introns were missing, including rpl16, rps16, and the first intron of clpP. The two large hypothetical chloroplast open reading frame (ycf) genes, ycf1 and ycf2, were also missing from C. macrophylla.
The plastid genome of V. marifolia had two nested IVs; an 8-kb IV spanning from rbcL to trnT-UGU and a 1.3-kb IV including trnT-UGU and trnL-UAA (supplementary fig. S2 , Supplementary Material online). One ribosomal protein gene, rps16, and the first intron of clpP gene were missing. accD gene was highly divergent in the genome (34.1% identical to the accD gene in Eucalyptus). The two large ycf genes, ycf1 and ycf2, were inferred to be pseudogenes due to the presence of internal stop codons.
The plastid genome of Melianthus villosus and Francoa sonchifolia were slightly larger than median size of land plant plastid genome (154 kb; S4 , Supplementary Material online), the presence of adjacency (À10)(11) and the disruption of adjacency (9)(10) and (10)(11) were due an IV of LCB (10) in Geraniaceae. This IV converted the (9)(10)(11) order into (9)(À10)(11) in the Geraniaceae ancestral genome. LCB (10) corresponded to the 4-kb region spanning from trnG-GCC to psbD (supplementary  table  S2 , Supplementary Material online). The presence of adjacency (35)(À37) and the disruption of adjacencies (35)(36) and (36)(37) were due to the change of IR/SSC boundary that moved trnN-GUU next to ndhF in Geraniaceae. Based on the most parsimonious reconstruction, the reduced SSC region shared by Hypseocharis, P. hortorum, P. alternans, and Monsonia would be the ancestral SSC in Geraniaceae ( fig. 1 ). Because each of the six Geraniaceae species had a unique IR/LSC boundary that differs from other rosid species, the ancestral IR/LSC boundary in Geraniaceae would be the same boundary shared by other rosids based on the most parsimonious reconstruction. Overall, the reconstructed ancestral plastid genome of Geraniaceae had an IV between trnG-GCC and psbD, a reduced, Pelargoniumlike SSC region and the same IR/LSC boundary as other rosids.
Genome Rearrangement
Comparison of the adjacency of LCBs in each genome showed a mixture of shared (synapomorphic), unique (autapomorphic), and homoplasious characters in Geraniaceae and Geraniales plastid genomes (supplementary table S4, Supplementary Material online). There were six and four synapomorphic characters shared by Geraniaceae and Pelargonium, respectively. The number of autapomorphic characters ranged from two in California and Erodium carvifolium to 19 in Geranium. For species with rearranged plastid genomes, P. alternans was the only one that did not have any autapomorphic characters. Comparison of the adjacency of LCBs also showed 20 homoplasious characters throughout the phylogeny.
The plastid genomes of Hypseocharis, P. hortorum, P. alternans, Monsonia, Geranium, California, E. carvifolium, and E. texanum were compared with the Geraniaceae ancestral plastid genome to identify genome rearrangement events for each genus. Genome rearrangement models that account for IR boundary shifts and IVs were proposed for each genus in Geraniaceae (supplementary figs. S4-S8, Supplementary Material online), and rearrangement events were plotted on the phylogenetic tree ( fig. 2 ). The models estimated 15 IR contractions, eight IR expansions, and 46 IVs in Geraniaceae plastid genomes. Among the 46 IVs, those between ycf3~psbZ, psaI~rps18, and trnE-UUC~atpI were homoplasious events ( fig. 2 ).
Thirty-seven LCBs were identified in the Geraniaceae by Mauve whole plastid genome alignment (supplementary fig.  S3 and table S2, Supplementary Material online). The order of the 37 LCBs in each genome was number coded (supplementary table S3, Supplementary Material online) for estimating breakpoint (BP) and IV distances between genomes. The third type of genome rearrangement distance estimated the number of IR boundary shifts and IVs between two genomes (IRIV distance, see Materials and Methods). Table 2 shows the pairwise comparison of the three types of genome rearrangement distances. The largest estimated BP distance was 25 between Geranium and Hypseocharis. The largest estimated IV distance was 19 between P. hortorum and Hypseocharis. The largest estimated IRIV distance was 28 between Geranium and Hypseocharis and between Geranium 647 Ancestral Plastid Genome in Geraniaceae . doi:10.1093/molbev/mst257 MBE and E. texanum. The three distances were highly correlated (BP~IV, P < 0.001, r = 0.99; BP~IRIV, P < 0.001, r = 0.99; IV~IRIV, P < 0.001, r = 0.98). The IRIV distance was used as the estimation of the degree of genome rearrangement in the later analyses because it did not exclude the IR region in the estimation.
Repeats in Geraniaceae and Geraniales Plastid Genomes
The number of repeats of different lengths was identified by BlastN searches of each plastid genome against itself ( fig. 3A , supplementary table S5, Supplementary Material online).
FIG. 1.
Model of the rearrangements in the SSC region in Geraniaceae/Geraniales. Vertical lines denote the IR/SSC boundaries relative to the Eucalyptus genome shown on top. Dots on the solid vertical lines denote the ancestral IR/SSC boundary in rosids. Dots on the dashed lines denote the IR/SSC boundaries that deviate from the ancestral boundary in rosids. Arrows indicate the direction of IR/SSC boundary changes. Hypseocharis, P. hortorum, P. alternans, and Monsonia share the same SSC region highlighted in gray. This SSC region, including genes from ndhA to trnL, is the ancestral condition in Geraniaceae based on the most parsimonious reconstruction. This Geraniaceae ancestral SSC region was further expanded in Geranium and California independently. IRA was lost in Erodium.
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Weng et al. . doi:10.1093/molbev/mst257 MBE Among the 15 plastid genomes compared, Geranium palmatum contained the largest number of repeats (505) while F. sonchifolia had the fewest (86). Repeats larger than 100 bp were absent from the plastid genomes of Francoa and Melianthus. Repeats larger than 300 bp were only present in Geraniaceae except Hypseocharis, and repeats larger than 1 kb, excluding the IR, were only present in three species, P. hortorum, G. palmatum, and E. texanum. The number of repeats varied among species from the same genus. The highly rearranged plastid genome of E. texanum contained 329 repeats but the relatively unrearranged E. carvifolium only had 136 repeats. The plastid genome of P. hortorum contained 293 repeats, whereas P. alternans had 216 repeats. The degree of genome rearrangement estimated by IRIV MBE distance was significantly correlated with the number of repeats larger than 60 bp (P < 0.001, r = 0.82) and 20 bp (P < 0.01, r = 0.83) but was not correlated with the number repeats smaller than 20 bp (P = 0.83; fig. 3C ). The proportion of repeats of different length among the total number of repeats identified was also computed ( fig. 3B ). In the unrearranged plastid genomes of rosids, Melianthus, and Francoa, over 90% of the repeats were shorter than 60 bp. In Viviania and California, over 80% of the repeats were shorter than 60 bp. The degree of genome rearrangement estimated by IRIV distance was correlated with the proportion of repeats larger than 20 bp (P < 0.01, r = 0.69) and 60 bp (P < 0.001, r = 0.90; fig. 3D ).
The distribution of repeats was plotted on the plastid genomes (supplementary figs. S1 and S2, Supplementary Material online). The number of BPs in the genomes of Viviania, Hypseocharis, P. alternans, and California were identified in the Mauve alignment using the unrearrnaged Melianthus genome as a reference. The number of repeats located in the BP regions and non-BP regions of these four genomes were counted. The null hypothesis was that repeats not associated with BPs would be evenly distributed across the genome. The prediction would be that the number of repeats distributed in BP and non-BP regions is proportional to the size of these two regions. The alternative hypothesis was that repeats were aggregated in the BP regions. The w 2 test showed that the number of repeats found in BP regions was significantly higher than expected by the null hypothesis (P value ranged from 8.9 Â 10 À4 in California to 2. The Pearson test showed that the degree of genome rearrangements estimated by IRIV distance was significantly correlated with nonsynonymous substitution rates (dN) (P < 0.01, r = 0.3818), dN/dS ratio (P < 0.01, r = 0.4049), but not with synonymous rates (dS) (P = 0.59, r = 0.0680) (fig. 4) .
To address whether the elevated dN was caused by RNA editing, putative RNA editing sites were identified (supplementary material S1, Supplementary Material online), and dN and dS were reanalyzed based on edited sequences. The t-test showed that the mean of dN between original and edited sequences were not significantly different (P = 0.664), and the same correlation pattern was found between genome rearrangements and edited sequences (dN~IRIV, P < 0.01, r = 0.3911; dS~IRIV, P = 0.58, r = 0.0685). Two lines of evidence indicated that the dS was not saturated in the data set. First, the measured dS was all less than 0.5 (supplementary table S7 Fares and Wolfe [2003] ).
To assess whether the correlation between genome rearrangements and substitution rates was obscured by the shared phylogeny between pairwise comparisons, a Mantel test with 1,000 simulations and a phylogenetic independent comparison were performed. The Mantel test simulation involved randomizing rows and columns of the genome rearrangement matrix but holding the substitution rate matrix constant. Significance was assessed by comparing the observed correlation coefficient to a distribution of the correlation coefficients obtained from the simulations. The Mantel test confirmed that the degree of genome rearrangements was significantly correlated with the dN (P < 0.01) but not correlated with dS (P = 0.28). For the phylogenetic independent comparison, dN, dS, and the IRIV distance on corresponding branches in the phylogenetic tree were compared. Pearson correlation tests showed that IRIV distance was correlated with dN (P < 0.01, r = 0.5551) but not with dS (P = 0.4723, r = 0.1416) (fig. 5 ). The same comparison was performed with the control of time by estimating the absolute nonsynonymous (rN) and synonymous (rS) substitution rates on each branch in the phylogenetic tree. Pearson correlation tests showed that IRIV distance was correlated with rN (P < 0.01, r = 0.5527) but not with rS (P = 0.1875, r = 0.2566) ( fig. 5 ).
Discussion
Plastid Genome Rearrangements in Geraniaceae Caused by IR Expansion/Contraction and IVs Although previous studies showed that the plastid genomes of four of the six genera in Geraniaceae, Pelargonium, Geranium, Monsonia, and Erodium, have experienced extensive genomic rearrangements (Chumley et al. 2006; Guisinger et al. 2011; Blazier et al. 2011) , it was unclear whether these genomic changes were shared by all genera in Geraniaceae and Geraniales. Here we sequenced the plastid genomes of six additional species from the remaining two genera of Geraniaceae and three other Geraniales families to reconstruct the ancestral plastid genome in Geraniaceae and genome rearrangement events in each genus.
Our reconstruction models show few rearrangements from other rosids to the ancestral Geraniaceae plastid genome followed by a large number of independent rearrangements in each genus ( fig. 2) . Compared with the rosids, the ancestral Geraniaceae plastid genome has an IV between trnG-GCC to psbD, a Pelargonium-like SSC region and the same IR/LSC boundary as other rosids. A large number of autapomorphic characters and the absence of synapomorphic characters in the comparison of the adjacency of LCBs in each genome also indicate that independent rearrangements occurred in each genus (supplementary table S4, Supplementary Material online). In Pelargonium, the lack of autapomorphic characters in the LCB adjacency comparison (supplementary table S4, Supplementary Material online) indicates that the plastid genome in P. alternans likely represents the ancestral organization in the genus.
The reconstruction of the ancestral Geraniaceae plastid genome shows that IR expansion/contraction occurred repeatedly in the family ( fig. 2 ). This resulted in dramatic IR size changes, ranging from absent in Erodium ) to 75 kb in P. hortorum (Chumley et al. 2006) . The size of the IR has also changed considerably within Pelargonium, where the IR ranges from 38 kb in P. alternans to 75 kb in P. hortotum. Although the degree of IR expansion and contraction in Geraniaceae is comparable to the situation in the green algae phylum Chlorophyta (Pombert et al. 2005 (Pombert et al. , 2006 and gymnosperms (Wu et al. 2007; Lin et al. 2010 Lin et al. , 2012 , such dramatic IR boundary shifts within a single family and genus were unprecedented. Double-strand breaks in one of the two IRs followed by DNA repair using the other IR as template could be responsible for IR boundary shifts (Goulding et al. 1996) .
IR expansion and contraction could cause gene duplications. Two cases of gene duplication, petD and rpoA, in Pelargonium are likely due to this phenomenon. In P. alternans the IR/LSC boundary expanded to petD producing a duplication of second exon of petD, which is a pseudogene (supplementary fig. S1 , Supplementary Material online). This petD pseudogene is next to trnL-CAA in P. hortorum (supplementary fig. S5 , Supplementary Material online). rpoA is highly divergent in Pelargonium compared with other angiosperms (Chumley et al. 2006; Guisinger et al. 2008) . Three copies of rpoA-like ORFs are present in the P. hortorum plastid genome (Chumley et al. 2006) , while only one copy of rpoA is in P. alternans. The position of rpoA in P. alternans next to the IR boundary suggests that duplications of rpoA in P. hortorum may be the result of a series of IR contractions/expansions.
IVs caused by recombination between repeated sequences are considered the main mechanism for changes in gene order in plastid genomes (reviewed in Jansen and Ruhlman [2012] ). The number of reconstructed IVs in each Geraniaceae genus, except the IV between trnG-GCC to psbD that is shared by the family, ranges from 1 in E. carvifolium to 11 in Geranium (black bars in fig. 2 ). Although most of the IVs occur independently in each genus, three IVs are homoplasious events, ycf3~psbZ, psaI~rps18, trnE-UUC~atpI ( fig. 2) , suggesting there are some rearrangement hotspots in the genomes as observed in Campanulaceae (Cosner et al. 1997) . Although most of the IVs in plastid genomes are in LSC region (Kim et al. 2005; Timme et al. 2007 ), the only IV that involves both LSC and IR regions is in ferns (Wolf et al. 2011) . The plastid genome of G. palmatum has an extremely large SSC region, which includes several genes that are normally located in the LSC region . Two possible mechanisms could cause the expansion of SSC in Geranium. The first involves a loss of the IR followed by a replacement of IR in the middle of LSC region, resulting in a segment of the LSC moving to the SSC. The second involves an IV between the fig. S1, Supplementary Material online) is the only known case of these genes occurring together in published land plant plastid genomes. rpoB, rpoC1, and rpoC2 are normally transcribed together in rpoB operon, whereas the rpoA gene is transcribed with other ten ribosomal protein genes in the rpl23 operon. Although a simulation study suggested positive selection for clustering of functionally related genes on the plastid genome (Cui et al. 2006) , we have no evidence that the four rpo genes in Hypseocharis are transcribed together. The fact that the rpoB and rpl23 operons remain intact suggests that the clustering of four rpo genes may simply be a coincidence.
Gene and Intron Losses
Several gene and intron losses occur in Geraniales (fig. 2 ). The addition of plastid genome sequences for six species changes the findings of gene and intron losses reported by Guisinger et al. (2011) . The duplication of trnfM-CAU shared by Geraniaceae is not as reported by Guisinger et al. (2011) because P. alternans only has one copy of trnfM-CAU (supplementary fig. S1 , Supplementary Material online). It raises the possibility of independent duplications of trnfM-CAU in the family. The loss of trnG-GCC and the trnG-UCC intron reported by Guisinger et al. (2011) is due to the misidentification by DOGMA (Wyman et al. 2004) . Except E. texanum, both trnG-GCC and trnG-UCC are present in all Geraniaceae included in this study based on two tRNA finding programs, tRNAscan-SE and ARAGORN. Gene losses or pseudogenizations in Geraniales include rps16, ycf1, ycf2, clpP, ndh genes, and four tRNAs (open bars in fig. 2 ). The intron losses throughout Geraniales include the genes rpl16, rps16, clpP, rpoC1, and rpl2 (solid gray bars in fig. 2 ). These intron losses are not unique to Geraniales. The clpP first intron has been lost in the IR-lacking clade (IRLC), and in legumes ) and clpP, both introns have been lost in certain lineages in Lychnis, Oenothera, and Silene (Erixon and Oxelman 2008) . The rpoC1 intron is absent in some lineages in Poaceae (Katayama and Ogihara 1993) , Passifloraceae, Fabaceae, Goodeniaceae (Downie et al. 1996) , Cactaceae (Wallace and Cota 1996) , and Aizoaceae (Thiede et al. 2007 ). The pseudogenization of four ndh genes in Melianthus is noteworthy because it is the only case in which all 11 ndh genes were not lost, suggesting a very recent loss; all 11 ndh genes are lost in Orchidaceae (Chang et al. 2006 fig. 2 ) that only the 3 0 end is alignable with other rosids. A similar situation was observed in Fabaceae (Magee et al. 2010) and Poales (Harris et al. 2013) . Recently, a functional transfer of truncated accD to the nucleus was found in Campanulaceae, suggesting that the 5 0 end of the gene may not be important but only the catalytic domain at the 3 0 end is critical (Rousseau-Gueutin et al. 2013 ).
Repeats and Genome Rearrangements
The number of repeats is correlated with the degree of genome rearrangement in green algal plastid genomes (Pombert et al. 2005 (Pombert et al. , 2006 . Previous studies have shown an association between repeats and genome rearrangement BPs (Lee et al. 2007; Guisinger et al. 2011) , and plastid transformation studies demonstrated that IVs could be mediated by small (7-14 bp, Kawata et al. 1997) or large (148 and 232 bp, Rogalski et al. 2006) repeats. Association between repeats and genome rearrangement BPs (supplementary table S6, Supplementary Material online) and significant correlations between genome rearrangements and the proportion and the number of large repeats (>20 bp and >60 bp) ( fig. 3) suggest that repeats larger than 20 bp may have facilitated rearrangements in Geraniales, although we cannot rule out the possibility that repeats may be introduced by DNA strand repair following a rearrangement event.
Correlation between Substitution Rates and Genomic Rearrangements
The correlation of dN and genomic rearrangements in Geraniaceae shows similarities to the situation in another angiosperm clade, Silene (Caryophyllaceae, Sloan et al. 2012) . Both groups exhibit accelerated dN for only a subset of genes encoded in their plastid genomes; photosynthetic genes do not have accelerated rates of nonsynonymous substitutions while ribosomal proteins are highly accelerated. Although some of the most divergent genes in Silene have been lost in different lineages of the Geraniaceae (e.g., accD, clpP, ycf1, and ycf2), the genes that exhibit accelerated dN differ in the two groups. For example, the most rapidly evolving genes in Geraniaceae are the four plastid encoded polymerase genes (rpoA, rpoB, rpoC1, and rpoC2; Guisinger et al. 2008; Weng et al. 2012 ), but these genes are not highly accelerated in Silene (Sloan et al. 2012) . Furthermore, the plastid genomes of Geraniaceae are much more rearranged than Silene, where rapidly evolving species have at most four IVs and only minor differences in the extent of IR (Sloan et al. 2012) . In contrast, several lineages of Geraniaceae have experienced numerous IVs (up to 11) and extensive contraction and expansion of IR. Sloan et al. (2012) suggested that increased rates of sequence and structural evolution of plastid genomes in Silene may be associated with the process of functional gene transfer to the nucleus and positive selection.
Two possible explanations may underlie the observed correlation between dN and the degree of genome rearrangements in Geraniaceae plastid genomes: 1) the correlation was due to a cause-and-effect relationship between elevated dN and genome rearrangements or 2) a common factor caused elevated dN and genome rearrangements. Shao et al. (2003) found a correlation between dN and genome rearrangements in insect mitochondrial genomes and proposed that high rates of nucleotide substitution led to genome rearrangements by introducing mutations in the replication initiation and termination sites. With regard to a shared causal factor for the two phenomena, mismatch repair system disruption could provide a plausible hypothesis. Mismatch repair systems recognize mismatches during the DNA replication process and prevent recombination between nonidentical sequences (Harfe and Jinks-Robertson 2000) . Genes encoding MutS homologs, such as MSH1, have been identified in Arabidopsis (Culligan and Hays 2000; Maréchal and Brisson 2010) and the plastid genomes of MutS homolog mutants show rearrangements (Xu et al. 2011 ). The correlation between dN and genome rearrangements in Geraniaceae supports the notion that improper DNA repair may be responsible for both accelerated substitution rates and rearranged plastid genomes . However, defects in the DNA repair system should affect both synonymous and nonsynoymous sites. Therefore, it is puzzling that no significant correlation was found between dS and genome rearrangements. Although saturation of dS could have obscured the correlation with genome rearrangements, regression analyses did not indicate that saturation of dS had occurred (supplementary fig. S9 , Supplementary Material online).
One possible explanation for the situation in Geraniaceae is that there are different repair mechanisms acting on genomic rearrangements versus nucleotide substitutions; therefore, the correlation may be spurious. DNA repair mechanisms in plastids are not well understood (Day and Madesis 2007; Ruhlman and Jansen, 2013) . Alternatively, an improper DNA repair system followed by selection could explain the observed correlation between dN and genome rearrangements. A significant correlation between dN/dS ratio and genome rearrangements ( fig. 4) suggests selection pressures on genome rearrangements though dN/dS ratios are all less than one. The DNA repair system in the Geraniaceae plastid genome may have been inefficient during the early diversification of the family, causing a burst of acceleration in nucleotide substitutions and genome rearrangements. Substitutions and rearrangements that generated faulty genomes were selected against and eliminated from the population, whereas substitutions and rearrangements that conferred an advantage might have been selected for. Although synonymous substitutions are relatively neutral, selection should have favored nonsynonymous substitutions that were beneficial, resulting in a correlation between dN and genome rearrangements. One possible advantage could be the selection for plastid genomes that are compatible with the nucleus. Nuclear-plastid incompatibility could impose selective pressure for the evolution of biparental inheritance as a mechanism to overcome incompatibility (Zhang and Sodmergen 2010) . This argument is consistent with the fact that Geraniaceae have both biparental inheritance of plastids (Baur 1909; Metzlaff et al. 1981 ) and a nuclear plastid incompatibility system (Dahlgren 1925; Metzlaff et al. 1982) . The role of nuclear-encoded, plastid-targeted genes in the evolution of the plastid genome of Geraniaceae, especially those genes involved in DNA replication, recombination, and repair, needs to be explored to test hypotheses regarding the bizarre evolutionary history of the organelle genomes in this family.
Materials and Methods
Taxon Sampling
Based on previously published phylogenies of Geraniaceae and Geraniales (Fiz et al. 2009; Palazzesi et al. 2012; Weng et al. 2012) , six taxa were chosen: H. bilobata, P. alternans, and C. macrophylla from Geraniaceae and F. sonchifolia (Francoaceae), M. villosus (Melianthaceae), and V. marifolia (Vivianiaceae) from Geraniales. Four representative taxa from other rosids (Citrus NC_008334, Arabidopsis NC_000932, Gossypium NC_007944, Eucalyptus NC_008115), and five previously published (Chumley et al. 2006; Blazier et al. 2011; Guisinger et al. 2011 ) plastid genomes of Geraniaceae (P. hortorum NC_008454, Monsonia speciosa NC_014582, G. palmatum NC_014573, E. texanum NC_014569, E. carvifolium NC_015083) were also included.
DNA Extraction and Sequencing
Total genomic DNA of F. sonchifolia, V. marifolia, H. bilobata, C. macrophylla, and P. alternans was isolated from fresh leaf tissues using a modified version of hexadecyltrimethylammonium bromide (CTAB) procedure by Doyle JJ and Doyle JL (1987) . Ground leaves were placed in CTAB buffer with 2% polyvinylpyrrolidone at 65 C for 40 min. The solution was centrifuged and the supernatant was mixed with an equal volume of 24:1 chloroform:isoamyl alcohol and centrifuged twice. DNA was precipitated with isopropanol at À20 C for an hour, pelleted by centrifugation, washed twice with 70% ethanol, and aspirated and resuspended in double-distilled water. The solution was then treated with RNase (Fermentas) at 37 C for 1.5 h and the DNA was extracted using the same procedure above. DNA quantity and RNA contamination were verified with ethidium bromide on 1% agarose.
Plastid isolations for M. villosus used the sucrose gradient protocol described in Jansen et al. (2005) . Plastid DNA was amplified by rolling circle amplification (Qiagen GmbH, Hilden, Germany) using bacteriophage Phi29 polymerase and random hexamer primers (Dean et al. 2001) . Purity and quantity of plastid DNAs were verified by restriction enzyme digests, gel electrophoresis, and visualization of DNA fragments with ethidium bromide on 1% agarose gel.
Total genomic DNA was sequenced using Illumina HiSeq 2000 at Beijing Genomics Institute Corporation. For each species, approximately 60 million 100 bp paired-end reads were generated from a sequencing library with~750 bp inserts. The plastid-enriched DNA from M. villosus was sequenced using 454 Titanium pyrosequencing at the W. M. Keck Center for Comparative and Functional Genomics at the University of Illinois.
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The assembly was performed on the Lonestar Linux Cluster from the Texas Advanced Computing Center (TACC). The 454 reads were assembled de novo using Newbler with default settings and using Mimicking Intelligent Read Assembly (MIRA) (Chevreux et al. 1999 ) with the accurate setting. The putative plastid contigs were identified using the mapping algorithm and assembled in Geneious v. 6.0.5 (Biomatters Ltd.). Genomes were annotated using Dual Organellar GenoMe Annotator (DOGMA) (Wyman et al. 2004) . Two trnG genes, trnG-GCC and trnG-UCC, that were misidentified by DOGMA were located by two programs, tRNAscan-SE (http://lowelab.ucsc.edu/tRNAscan-SE/, last accessed December 26, 2013) and ARAGORN (http://mbioserv2.mbioekol.lu.se/ARAGORN, last accessed December 26, 2013). Circular and linear genome maps were drawn with OGDraw (Lohse et al. 2007 ).
Genome Rearrangement Analyses
Whole genome alignment among the 15 species was performed using the ProgressiveMauve algorithm in Mauve v 2.3.1 (Darling et al. 2010) . A copy of IR was removed from plastid genomes with two IRs. The LCBs identified by the Mauve alignment were numbered to identify synapomorphic genome rearrangements and to estimate genome rearrangement distances. The synapomorphic genome rearrangements for Geraniaceae are defined as two or more adjacent LCBs that are shared by Geraniaceae but not by outgroups or vice versa. Three types of genome rearrangement distances were estimated. BP and IV distances were calculated using the web server of the Common Interval Rearrangement Explorer (Bernt et al. 2007 ). The third distance, IRIV, estimated the number of IR boundary shifts and IVs. This distance first counted the number of IR boundary shifts that allow two genomes to have equal gene content among single copy and IR regions. It then estimated the number of IVs between the SSC, LSC, and IR regions of the two genomes separately and found the optimal scenario transferring one genome into the other using Genome Rearrangements In Man and Mouse (GRIMM) (Tesler 2002 ).
Repeats Analyses
Repeats were identified using the command line version BlastN v. 2.2.26 + (word size = 16) by performing blast searches of each genome against itself. One copy of the IR was removed from plastid genomes with two IRs. The correlation between the number of repeats and the degree of genome rearrangement was tested using Pearson test in R v2.15 (R Development Core Team 2012). The association between repeats and genome rearrangement breakpoints was tested. BPs in the plastid genomes of Viviania, Hypseocharis, P. alternans, and California were identified by the Mauve alignment using the unrearranged Melianthus genome as a reference. A 2 kb region, 1 kb upstream and downstream from the BP, was defined as the BP region. The number of repeats located in the BP regions and non-BP regions of these four genomes were counted. Whether the distribution of repeats is proportional to the size of the BP and non-BP regions was tested using chi-square in R v2.15 (R Development Core Team 2012).
Phylogenetic Analysis and Estimation of Nucleotide Substitution Rates
Seventy protein-coding genes (supplementary table S8, Supplementary Material online) shared by all 15 taxa were extracted and aligned using Multiple Alignment using Fast Fourier Transform (MAFFT) (Katoh et al. 2002) . Phylogenetic analysis was performed using maximum likelihood methods on the RAxML web server (Stamatakis et al. 2008) . The maximum likelihood tree was then used as a constraint tree for plotting genome rearrangement events and estimating substitution rates. Nonsynonymous (dN) and synonymous (dS) nucleotide substitution rates were estimated using the codeml function in PAML 4.5 with codon frequencies determined by the F3 Â4 model (Yang 2007) . Linear and quadratic regression models were compared to detect saturated synonymous substitutions (Methods in Fares and Wolfe [2003] ). The correlation between the rate of nucleotide substitution and the rate of genome rearrangement was tested using Pearson test. Significance was assessed by generating 1,000 simulations in Mantel test using the ade4 package v1.4-17 (Chessel et al. 2011 ) in R v2.15 (R Development Core Team 2012 . dN, dS, and IRIV distance from corresponding branches in the phylogenetic tree were extracted for phylogenetic independent comparisons.
Prediction of RNA Editing Sites
The prediction of RNA editing sites was performed using Predictive RNA Editor for Plants (PREP) (Mower 2009 ).
Estimation of Divergence Time and Absolute Substitution Rates
The divergence time was estimated using BEAST version 1.7.5 (Drummond et al. 2012 ) with one fossil calibration on the ancestral node of Geraniaceae excluding Hypseocharis (28.4 ± 0.1 My, references in Palazzesi et al. 2012) . Two markers, rbcL and matK, with no accelerated substitution rates in Geraniaceae were chosen for dating the phylogeny. The GTR + I + À substitution model was elected based on Akaike information criterion in jModeltest 2.1.4 (Darriba et al. 2012) . A relaxed clock with lognormal distribution of uncorrelated rate variation was specified. A random starting tree with a Yule speciation process and a lognormal prior (mean = 16, log standard deviation = 0.2, offset = 13) on the single calibration node was adopted. Two independent Markov chains of 50,000,000 generations, sampled every 10,000th iteration, were generated. The adequate effective sample size (larger than 200) and convergence of the Markov chain Monte Carlo chains were diagnosed in Tracer v1.5 with 10% burn-in.
